Abstract Mechanical loading induces positive changes in the skeleton due to direct effects on bone cells, which may include regulation of transcription factors that support osteoblast differentiation and function. Flow effects on osteoblast transcription factors have generally been evaluated after short exposures. In this work, we assayed flow effects on osteogenic genes at early and late time points in a preosteoblast (CIMC-4) cell line and evaluated both steady and oscillatory flows. Four hours of steady unidirectional flow decreased the level of RANKL mRNA 53 ± 7% below that of nonflowed cells, but increases in Runx2 and osterix mRNA (44 ± 22% and 129 ± 12%, respectively) were significant only after 12-19 h of continuous flow. Late flow effects on RANKL and osterix were also induced by an intermittent flow-rest protocol (four cycles of 1 h on/1 h off ? overnight rest). Four hours of oscillatory flow decreased RANKL mRNA at this early time point (63 ± 2%) but did not alter either osterix or Runx2. When oscillatory flow was delivered using the intermittent flow-rest protocol, Runx2 and osterix mRNA increased significantly (85 ± 19% and 161 ± 22%, respectively). Both b-catenin and ERK1/2, known to be involved in RANKL regulation, were rapidly activated by steady flow. Inhibition of flow-activated ERK1/2 prevented the increase in osterix mRNA but not Runx2; Runx2 phosphorylation was increased by flow, an effect which likely contributes to osterix induction. This work shows that both steady and oscillatory fluid flows can support enhancement of an osteogenic phenotype.
Bone remodeling involves coordination of bone resorption and formation, with an imbalance between these two processes resulting in net bone loss or gain. The influence of mechanical loading on bone remodeling is well established. Skeletal loading through exercise has been shown to promote site-specific increases in bone volume and/or mineral density [1, 2] . Conversely, the lack of mechanical stimulation from disuse or exposure to microgravity results in bone loss [3] [4] [5] . Experimental animal models confirm that bone formation can be enhanced by controlled mechanical stimulation and is sensitive to multiple loading parameters, including magnitude, cycle number, and frequency [6] [7] [8] . Understanding how whole-bone loading is translated into cellular information, however, continues to be a challenge as physiological loading must be replicated in vitro to study mechanical effects on signaling pathways.
During weight-bearing activities, skeletal loading produces a complex array of tissue-level changes including matrix deformation, fluid flow through cannaliculi, interstitial fluid flow, and pressure changes in the intramedullary cavity and within the cortices. These expose cells resident within the tissue to numerous biophysical stimuli including fluid shear stress, substrate strain, and hydrostatic pressure [9] [10] [11] . In vitro studies have shown that mechanical loading enhances transcriptional regulation of genes associated with bone formation, including bone matrix proteins [12] [13] [14] and transcription factors that support osteoblast differentiation and function [15, 16] . In contrast, loading suppresses expression of the osteoclastogenesis support factor RANKL in bone cells [9, 17] .
Interstitial fluid flow in bone is driven by dynamic externally applied mechanical loading, producing an oscillating pattern of fluid motion. Upon loading, fluid is forced out of regions of high compressive strain and then returns when the load is removed. Although an in vitro oscillatory model of fluid flow is more representative of fluid motion in bone, simpler in vitro models of unidirectional fluid flow, either steady or pulsating, have also been used. Studies that directly compared different flow models found that the effects of unidirectional and oscillatory fluid flows (OFF) were different for some aspects of the cellular response [18] but similar in other ways [19] , and this comparison was influenced by the cell type studied.
In this work we evaluated early and late effects of steady flow and OFF on the regulation of RANKL, Runx2, and osterix, a set of genes shown previously to be subject to coordinated regulation by substrate deformation [16] . Using the preosteoblast CIMC-4 cell line, we explored how the duration of the steady flow period influenced alterations in steady-state mRNA levels and determined that fluid flow could be applied intermittently to promote changes in mRNA levels. Our system allowed us to relate flow-activated signaling events to specific genes.
Materials and Methods

Experimental Overview
To understand how the genes of interest were affected by fluid flow, we selected early (4 h) and late (19-22 h ) time points for analysis based upon previously published studies [12, 13, 16, 17] and initially evaluated effects of continuous steady flow. Guided by studies showing that osteopontin exhibited a late response to OFF following an early flow exposure combined with an extended rest period [12, 20] , we evaluated a flow-rest protocol (4 h flow ? overnight rest) for both steady flow and OFF. Having found that the flow-rest protocol was insufficient to produce a late flow response in the genes of interest, we asked whether applying the 4-h flow period as a series of intermittent 1-h flow periods separated by 1-h periods without flow followed by overnight rest (i.e., intermittent flow ? rest) would support a late flow response. To better understand the late response to steady flow, we also evaluated an intermediate (12 h ) time point. Having defined that the late time point led to robust changes in all genes, we used this time point to evaluate the potential contributions of signaling pathways to the steady flow response. We were interested in evaluating the flow response in cells committed to the osteoblast lineage. Therefore, we used the preosteoblast CIMC-4 cell line, which has been previously used to study effects of cytokines and mechanical strain on osteoblast gene expression [16, 21, 22] .
Reagents
Fetal bovine serum (FBS) was from Hyclone (Logan, UT). Culture medium, glutamine, antibiotics, reverse transcriptase, and Taq polymerase were from Invitrogen (Carlsbad, CA). Thapsigargin was from Sigma-Aldrich (St. Louis, MO). U0126 was from Promega (Madison, WI). The RNA isolation kit and DNase I were from Qiagen (Valencia, CA), and random primers were from Ambion (Austin, TX).
Cell Culture
The CIMC-4 cell line was prepared from mouse calvariae and expresses an interferon-c (IFN-c)-inducible, temperature-sensitive SV40 large T antigen transgene [21] . Cells were maintained in permissive conditions at 33°C in a-MEM containing 10% FBS and 100 U/ml IFN-c. Medium was changed every 3-4 days, and passages above 24 were not used. Prior to experiments, cells were cultured for 1 week in nonpermissive conditions at 37°C in MEM containing 10% FBS, 1.25 mM glutamine, and 100 lg/ml penicillin/streptomycin as previously described [16, 22] . Cultures were treated with 10 nM 1,25(OH)D 3 for 24-48 h prior to flow initiation, and 1,25(OH) 2 D 3 was included in the medium throughout the flow experiment. HEPES (20 mM) was added to the culture medium for OFF experiments. The MEK inhibitor U0126 (10 lM) and thapsigargin (50 nM) were used to evaluate the potential role of specific signaling pathways in flow-mediated gene changes. Thapsigargin is an inhibitor of the endoplasmic reticular Ca 2? -ATPase that causes calcium discharge and was used to empty the intracellular calcium stores. U0126 and thapsigargin were dissolved in DMSO to give a final concentration of DMSO in the culture medium of 0.1% and 0.01%, respectively, and DMSO was likewise added to the basal culture medium. Each pharmacological agent was given 1 h prior to flow initiation and was present in the culture medium throughout the experiment.
Steady Fluid Flow
Cells were seeded onto 100-mm-diameter dishes (6,000-12,000 cells/cm 2 ) which had been coated with rat tail type I collagen (BD Biosciences, Bedford, MA). Cultures were exposed to unidirectional fluid flow using a modified cone-and-plate shear apparatus with a fixed 0.5°c one angle and a constant cone rotation of 200 rpm, corresponding to a shear stress of 8 dyn/cm 2 [23] .
Oscillatory Fluid Flow
Cells were seeded onto glass slides (6,000 cells/cm 2 ) which had been coated with rat tail type I collagen. OFF was delivered by a Hamilton glass syringe in series with rigidwalled tubing and a parallel plate flow chamber (internal dimensions of 74 9 34 9 0.28 mm), as previously described [18] . The syringe was mounted in and driven by a mechanical loading device. The flow rate was selected to yield peak shear stresses of 1 Pa (10 dyn/cm 2 ). The dynamic flow profile was sinusoidal at a frequency of 1 Hz. No-flow control slides were similarly loaded into flow chambers, but the loading device to drive fluid flow was not activated. Given the chamber size and the modest level of fluid movement within the chamber, medium and gas exchange was limited. As such, slides were held in the chambers for no more than 7 h, after which cells were either harvested or transferred to dishes for an extended rest period.
Real-Time RT-PCR
Total RNA was isolated and reverse-transcribed as previously described [22, 24] . Aliquots of cDNA were diluted fivefold to 5,000-fold to generate relative standard curves. RANKL, Runx2, osterix, Wisp1, and 18S primers were as previously described [22, 24] . Osteopontin primers were (5 0 -3 0 ) tgcctgacccatctcagaa and attcatccgagtccacagaa. PCR products were normalized to 18S amplicons in the RT sample.
Western Blotting
Whole-cell lysates and cytoplasmic and nuclear fractionates were prepared as previously described [22, 24] , and protein (5-20 lg) was separated on a polyacrylamide gel, then transferred to a PVDF membrane. Antibodies directed against phospho-ERK1/2 (Cell Signaling, Danvers, MA), active b-catenin (clone 8E7; Upstate, Temecula, CA), total ERK1/2, and actin (Santa Cruz Biotechnology, Santa Cruz, CA) were used. The antibody for active b-catenin was specific for the hypophosphorylated form of b-catenin [25] . Secondary antibody conjugated with horseradish peroxidase was detected by chemiluminescence.
Immunoprecipitation
Following flow application, cultures were lysed in immunoprecipitation buffer (150 mM NaCl, 50 mM Tris HCl, 1 mM EGTA, 0.24% sodium deoxycholate, 1% I-GEPAL, pH 7.5). Aprotinin, leupeptin, and pepstatin were added fresh prior to lysis. Lysates (600 lg) were combined with a Runx2 goat polyclonal antibody (Santa Cruz Biotechnology) and incubated overnight at 4°C. Protein A/G? agarose beads (Santa Cruz Biotechnology) were then added and incubated for 1 h at 4°C. Following rinses, beads were resuspended in 40 ll 29 loading buffer. Immunoprecipitation samples were analyzed by immunoblotting with antibodies directed against phosphorylated serine (clone 4A4, Upstate) and rabbit Runx2 (Santa Cruz Biotechnology).
Statistical Analysis
Results are expressed as the mean ± SEM. Significance was evaluated by one-way analysis of variance or Student's t-test (Prism; GraphPad, San Diego, CA). All experiments were replicated at least once.
Results
Steady Fluid Flow Induces Changes in mRNA Levels
Consistent with an Osteogenic Phenotype CIMC-4 preosteoblast cells were subjected to steady unidirectional fluid flow for 4 h, and steady-state mRNA levels were evaluated by real-time RT-PCR. RANKL mRNA was decreased 53 ± 7% in cultures exposed to flow compared to no-flow cultures, but no significant change in Runx2 or osterix mRNA levels occurred in response to flow at this time point (Fig. 1a) . In contrast, 19 h of continuous flow led to a significant late response in all three genes. RANKL mRNA expression was decreased 89 ± 3%, Runx2 mRNA was increased 56 ± 13%, and osterix mRNA was increased 237 ± 41% in cultures subjected to flow compared to no-flow cultures (Fig. 1b) .
No change in steady-state mRNA levels was measured when flow was applied for 4 h followed by an overnight rest period prior to RNA collection (Fig. 1c) . However, when 4 h of steady fluid flow was applied intermittently as four 1-h treatments separated by 1-h rest periods, with gene expression analyzed the next day, RANKL mRNA was decreased 65 ± 4% and osterix mRNA was increased 58 ± 14% compared to no-flow cultures (Fig. 1d) . The level of Runx2 mRNA was unchanged. The level of osteopontin mRNA, shown previously to be responsive to fluid flow [12, 19] , was significantly increased 54 ± 17%.
Steady-state mRNA levels were also measured at an intermediate 12-h time point. Continuous flow for 12 h led to a significant response in all genes ( Fig. 2a) : RANKL mRNA was decreased 90 ± 3%, Runx2 mRNA was increased 44 ± 22%, and osterix mRNA was increased 129 ± 12% in cultures subjected to flow compared to no-flow cultures, similar to the late response with flow applied for 19 h. Steady flow for 6 h followed by a 6-h rest period also induced significant changes in RANKL and osterix, but an effect on Runx2 was not more than a trend (Fig. 2a) . Intermittent application of fluid flow was also evaluated. Here, steady flow was applied for 1 h followed by rest for 1 h (as in Fig. 1d ) for a total of 12 h. In this case, all three genes responded to intermittent steady flow (Fig. 2b) : RANKL mRNA was decreased 66 ± 7%, Runx2 mRNA was increased 42 ± 17%, and osterix mRNA was increased 369 ± 60% compared to no-flow cultures. The response of bone cells to steady and oscillatory fluid flows has been shown to differ in some aspects of mechanical signaling [18, 19] . As shown in Figure 3a , 4 h of OFF decreased the level of RANKL mRNA 63 ± 2% compared to the level in control cultures, which were placed into flow chambers without subsequent fluid flow, consistent with a previous study [17] . Importantly, placement of slides into the closed flow chambers in the absence of OFF led to a significant 110 ± 30% increase (P \ 0.01) in the level of RANKL mRNA compared to slides that remained in culture dishes at this 4-h time point. This increase in RANKL mRNA in the absence of flow suggests that containment of the slide within the flow chamber for 4 h subjects the cells to environmental stress, likely due to limited medium and gas exchange, and as such inclusion of slides in the flow chamber without flow activation is a critical control for the OFF experiments.
Repeating the flow-rest protocols used with steady flow, effects of OFF were evaluated at the late time point when steady flow caused significant changes in mRNA levels. First, OFF was applied for 4 h, after which cultures were removed from flow chambers for an overnight rest period before analysis. No changes were detected in RANKL, Runx2, or osterix mRNA levels in response to this flow protocol (Fig. 3b) , consistent with the lack of response to 4 h of steady flow (see Fig. 1c ). However, osteopontin mRNA was significantly increased 34 ± 10% (P \ 0.01), as expected.
When OFF was delivered as four 1-h treatments separated by 1-h rest periods, with steady-state mRNA levels analyzed the next day, levels of RUNX2, osterix, and osteopontin mRNA were significantly increased (85 ± 19%, 161 ± 22%, and 33 ± 8%, respectively) (Fig. 3c) . The level of RANKL mRNA was unchanged, in contrast to the late effect for steady flow (see Fig. 1d ).
Fluid Flow Regulation of Osterix Requires Multiple Signaling Events
In vitro mechanical loading of bone cells involves activation of ERK1/2 MAPK [12, 26, 27] . ERK1/2 was activated in CIMC-4 cultures exposed to steady fluid flow. ERK1/2 phosphorylation increased after 5-60 min of flow, with a peak response at 15 min (Fig. 4a) . By 4 h of flow, ERK1/2 phosphorylation returned to baseline (data not shown).
Cultures were exposed to flow in the presence of the MEK inhibitor U0126 to evaluate the requirement for ERK1/2 MAPK activation in the late response to steady flow. Treatment with U0126 (10 lM) blocked ERK1/2 phosphorylation in response to fluid flow (Fig. 4b) . Inhibition of ERK1/2 did not prevent flow-mediated changes in RANKL or Runx2 mRNA levels (Fig. 4c) . In contrast, the increase in osterix mRNA required flow-induced ERK1/2 activation.
That flow regulation of osterix, but not Runx2, was disrupted by treatment with U0126 was interesting as osterix expression is known to be downstream of Runx2 [28] . However, phosphorylation of Runx2 is an important regulator of its activity, and ERK1/2 targets specific serine residues in Runx2 [29] . As shown in Figure 4d , the amount of phosphorylated serine detected in immunoprecipitates of Runx2 was higher in cultures subjected to steady fluid flow compared to no-flow control cultures, indicating that Fig. 3 Oscillatory fluid flow (OFF) effects on mRNA levels are similar to those of steady flow. a OFF was applied for 4 h. RANKL mRNA, corrected for 18S mRNA, was analyzed by real-time RT-PCR. Data were normalized to the mRNA level measured in control cultures placed into flow chambers without subsequent fluid flow. ***Significant difference from no-flow control (P \ 0.001, n = 3 experiments). b OFF was applied for 4 h, followed by an overnight rest period, with mRNA levels analyzed 22 h after flow initiation (*P \ 0.05, n = 3 experiments). OPN, osteopontin. c Four hours of OFF was applied intermittently as 1-h flow treatments separated by 1-h rest periods, with mRNA levels analyzed at 22 h after flow initiation (**P \ 0.01, n = 2 experiments) enhancement of Runx2 phosphorylation by fluid flow contributes to upregulation of osterix expression.
Increased intracellular calcium is another early cellular response to fluid flow [18] and has been linked to some flow-regulated genes in osteoblasts [12, 30] . Cultures were treated with thapsigargin to inhibit release of intracellular calcium. Exposure to thapsigargin significantly decreased the level of basal RANKL mRNA and increased the basal level of Runx2 mRNA, while the basal level of osterix mRNA was unchanged (Fig. 4e) . Flow-mediated changes in RANKL and Runx2 mRNA levels were not disrupted by thapsigargin. All cultures exposed to flow showed a decrease in RANKL mRNA and an increase in Runx2 mRNA compared to no-flow cultures. In contrast, thapsigargin blocked the flow-induced increase in osterix mRNA. ERK1/2 activation by steady fluid flow was not reduced in the presence of thapsigargin (Fig. 4f) .
Steady Fluid Flow Activates b-Catenin
In CIMC-4 cultures, steady fluid flow increased the level of active (dephosphorylated) b-catenin in nuclear fractionates (Fig. 5a ). Consistent with this result, the level of mRNA for Wisp1, a b-catenin target gene, was increased 99 ± 31% when steady flow was applied for 4 h (Fig. 5b) . The response of Wisp1 to flow was transient. There was no difference in the level of Wisp1 mRNA between flow and control cultures after 19 h of continuous steady flow.
Previous studies identified RANKL and Runx2 as target genes of b-catenin [31, 32] . Cultures were treated with Significant difference from U0126 control, P \ 0.001. d Immunoprecipitation of Runx2 was done on whole-cell lysates after steady flow was applied for 12 h. Shown are immunoblots for phosphorylated serine and Runx2. e Cultures were treated with thapsigargin to empty intracellular calcium stores. Thapsigargin (50 nM) was added to cultures 1 h prior to steady fluid flow for 19 h. Data were normalized to the mRNA level measured in basal control cells and compiled from three experiments. ***Significant difference from basal control, P \ 0.001 (**P \ 0.01, *P \ 0.05).
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Significant difference from thapsigargin control, P \ 0.001 ( à P \ 0.05). f Cultures were treated with thapsigargin as in e; then, steady fluid flow was applied for 30 min, and total cellular proteins were evaluated for ERK1/2 phosphorylation lithium chloride, a GSK3b inhibitor that causes sustained b-catenin activation. Lithium chloride (20 mM) inhibited the level of RANKL mRNA but had no effect on Runx2 or osterix mRNA levels (Fig. 5c) . Lithium chloride treatment also increased the level of Wisp1 mRNA. The data suggest that RANKL is negatively regulated by b-catenin in CIMC-4 cells.
Discussion
Loading of the skeleton causes multiple tissue-level changes including interstitial fluid flow, which is postulated to be a primary effector of anabolic mechanical effects in bone through direct cellular changes [33] . The response of bone cells to fluid flow may include regulation of transcription factors that support osteoblast differentiation and function. Flow effects on osteoblast transcription factors have typically been evaluated after short exposures [10, 15] . We here studied early and late effects of fluid flow on mRNA levels of Runx2 and osterix, transcription factors known to be necessary for early and late osteoprogenitor differentiation, respectively, as well as RANKL, the osteoclastogenesis support factor produced by bone cells which is known to rise with entry into the osteoprogenitor lineage and to decrease during maturation [34] . Runx2 and osterix mRNA were unchanged after 4 h of flow; significant increases in both Runx2 and osterix mRNA were detected as early as 12 h after flow initiation. Fluid flow also caused a rapid and, in the case of steady flow, a sustained inhibition of RANKL mRNA. This is the first evidence that fluid flow can induce late changes in transcription factors that support osteoprogenitor maturation.
While application of steady unidirectional fluid flow is thought to mimic blood flow and has been widely used to evaluate signaling in vascular cells [35, 36] , bone scientists have advocated application of OFF to more closely mimic the physiologic condition within cannaliculi [18] . In vitro studies have shown that the response to unidirectional and oscillatory fluid flows differs for some aspects of mechanical signaling in bone cells, including calcium signaling and cytoskeletal reorganization [18, 19] , but increases in osteopontin and COX2 levels are supported by both types of flow in osteoblasts [19] . In the work presented here, both steady and oscillatory fluid flows inhibited the level of RANKL mRNA at an early time point while enhancing Runx2 and osterix mRNA levels at a late time point. Differing from unidirectional flow, OFF was unable to suppress the late expression of RANKL.
Importantly, the response to flow was enhanced by incorporating a rest period between brief flow treatments. Altering the flow protocol, such that 4 h of flow was applied in 1-h treatments interspersed by 1-h rest periods, resulted in a significant change in the level of osterix mRNA by 19 h, whereas a single continuously applied 4-h flow was ineffective. By allowing the cell to experience intermittent rest periods, the mechanical signaling pathways activated by flow may ''reset,'' allowing reactivation at the next flow treatment. Insertion of rest periods has previously been shown to enhance in vivo bone formation [37, 38] as well as the in vitro flow response in bone cells [20] .
Our data complement other evidence that flow activates ERK1/2 MAPK in osteoblasts [26, 27, 39] . ERK1/2 has been linked to flow regulation of osteopontin [12] and type I collagen [13] , as well as cell proliferation [40] . Here, the MEK inhibitor U0126 prevented only the flow-induced increase in osterix mRNA but not changes in the levels of RANKL or Runx2 mRNA. The differential requirement of ERK1/2 for flow-induced changes in mRNA levels supports a multifold signaling response to mechanical input. Accordingly, calcium signaling, activated by fluid flow in bone cells [18] , was also involved in flow induction of osterix. Disruption of intracellular calcium mobilization with thapsigargin specifically blocked the increase in osterix mRNA by steady flow but did not alter activation of ERK1/2. Osterix expression is known to be downstream of Runx2 [28] . The more robust effect of flow on osterix than on Runx2 likely reflects enhanced Runx2 activation by flow-induced phosphorylation. Indeed, ERK1/2 is known to phosphorylate Runx2 [29] .
b-Catenin is another signaling pathway contributing to flow-induced gene regulation [41] . Our data support b-catenin as a target of mechanical loading in bone cells, also shown by others with fluid flow [42] and substrate stretch [22, 43] . As b-catenin is involved in regulation of both RANKL and Runx2 [31, 32] , it suggests itself as an ERK1/2-independent signal. Indeed, we observed that activation of b-catenin via GSK3b inhibition caused a significant reduction in RANKL expression.
Skeletal loading exposes cells resident within bone tissue to multiple biophysical forces. Whether these forces elicit distinct, similar, or overlapping responses in bone tissue remains an open question. Prior in vitro comparisons of fluid shear stress and mechanical strain have suggested that osteoblasts respond differently to these two types of mechanical loading with respect to nitric oxide release [44] , PGE 2 release [44, 45] , and osteopontin expression [46] . The transcriptional response to fluid flow described in this work is consistent with mechanical strain effects in CIMC-4 cultures, where prolonged exposure caused repression of RANKL mRNA as well as upregulation of Runx2 and osterix mRNA levels [16] . Interestingly, although both types of mechanical loading caused phosphorylation of ERK1/2 MAPK, a MEK inhibitor blocked strain-mediated changes in all three genes but only disrupted flow-mediated enhancement of osterix mRNA. Although this difference suggests a divergence in those signaling pathways mediating flow and strain effects, the similar gene response to fluid flow and mechanical strain indicates that osteoblasts recognize both types of loading as osteogenic.
In summary, both unidirectional and oscillatory fluid flows enhance levels of Runx2 and osterix mRNA when cells are exposed to continuous or repetitive applications of flow. Both types of flow also inhibit the level of RANKL mRNA, decreasing a stimulus for bone resorption. The coordinated regulation of these osteoblast transcription factors, along with RANKL, by fluid flow reflects progression toward a more osteogenic phenotype. Flow duration and inclusion of rest periods influence flow effects. Signaling pathways activated by fluid flow, including ERK1/2 MAPK, intracellular calcium mobilization, and b-catenin, integrate into a net response that is anticatabolic and proanabolic for bone cells.
